graft, 14.4% catheters, and 27.8% used antiplatelet agents. Mean dialyzer clearance increased 0.9% (P1), 1.0% (P2), and 0.9% (P3) with CD despite heparin reduction. SpKt/V remained stable (B: 1.54 8 0.29; P1: 1.54 8 0.28; P2: 1.55 8 0.27; P3: 1.54 8 0.26). There was no significant difference in dialyzer/dialysis line thrombosis, post-HD time to hemostasis, percent of subjects with adverse events (AEs), or studyrelated AEs. Conclusions: CD was safe, effective, and met all study endpoints. Dialyzer clearance increased approximately 1% with CD despite 20-33% heparin reduction. Over 92% of P3 subjects demonstrated noninferiority of dialyzer clearance with CD and 33% HN reduction. There was no significant difference in dialyzer clotting, bleeding, or adverse events.
dialysate [1, 2] . Citrate is a short-acting anticoagulant due to its binding with calcium and is rapidly metabolized in the liver (half-life of 49 min) [3, 4] . CD, however, contains a much lower concentration of citric acid than required for regional citrate anticoagulation [1] [2] [3] [4] . CD is FDA-approved [1] and has been demonstrated to be safe and effective [2] . Published reports suggest that CD may improve dialysis adequacy [Kt/V (K = clearance, t = time on dialysis and V = volume of distribution)] [2, 5, 6] , decrease hemodialysis heparin requirements [7] [8] [9] , and increase dialyzer reuse [10] , presumably due to nonsystemic anticoagulant effects in the dialyzer. These studies, however, are limited by their small sample size and/or lack of adequate controls.
Subjects and Methods
We prospectively evaluated 277 hemodialysis patients in eight outpatient dialysis facilities (Renal Research Institute: 4; DaVita: 4) using Fresenius 2008K or 2008K 2 dialysis machines with online clearance monitors (OLC; Fresenius Medical Care NA, Waltham, Mass., USA) to determine if CD with reduced heparin N (HN) dosage would maintain dialyzer clearance (ClinicalTrials.gov identifier: NCT01092455). Subjects on thrice weekly HD with single bolus HN 6 2,000 units/treatment and nonreuse of dialyzers were enrolled in an 8-week open-label sequential phase study including four study periods each comprising six HD treatments over 2 weeks: baseline (B) = standard bicarbonate dialysate + 100% of the subject's standard bolus HN dose; period 1 (P1) = CD + 100% of standard bolus HN; period 2 (P2) = CD + 80% of standard bolus HN; and period 3 (P3) = CD + 66.7% of standard bolus HN.
Patients with a hemoglobin (Hgb) ! 9.5 g/dl, eKt/V ! 1.0 (or spKt/V ! 1.2), on warfarin or low-molecular-weight heparin, history of HIT or other bleeding and/or thrombotic disorder, dialyzer or dialysis line clotting in the last 30 days requiring changing the dialyzer, bloodlines or terminating treatment, or with any medical condition which might jeopardize the subject were excluded.
Citrasate, citric acid 45 ! -concentrate (Fresenius Medical Care NA) was utilized (P1, P2, P3) to provide final dialysate total calcium (Ca) of 2.5 mEq/l, magnesium (Mg) 1.00 mEq/l, chloride (Cl) 104.5 mEq/l, acetate 0.3 mEq/l, dextrose 100 mg/dl, and cit rate 2.4 mEq/l. Dialysate potassium (K) concentration was 1-3 mEq/l and matched the subject's baseline. The effective conductivity clearance (mean KECN) and single pool Kt/V were measured for each treatment by ionic dialysance using the volume obtained from monthly kinetic modeling calculated with the mean KECN. All subjects were maintained on their same dialysis prescription throughout the study.
Subjects who developed thrombosis (significant clotting) defined as clotting in the dialyzer and/or bloodline which required dialyzer/dialysis line replacement or early treatment termination were withdrawn from the study after the clotting event to ensure patient safety. HN doses were rounded to the nearest 100 units to facilitate administration.
Endpoints
The predefined primary study endpoint was noninferiority (margin -8%) of the percent change in mean KECN between the baseline period and P2. To demonstrate noninferiority, the lower 95% CI must be greater than or equal to -8%. Secondary efficacy endpoints included the proportion of subjects with the percent change in the average of mean KECNs during P2 greater than or equal to -8% compared to baseline; the percent change in the average of mean KECNs in P3 greater than or equal to -8% compared to baseline; and the proportion of subjects with the percent change in the average of mean KECNs during P3 greater than or equal to -8% compared to baseline. Safety endpoints included the number and percentage of subjects with one treatment with significant clotting, the percent of subjects with reported adverse events (AEs), and the percent of subjects with study-related AEs.
Data Collection
Treatment mean KECN and spKt/V were measured by ionic dialysance. Thrombosis (significant clotting) was measured by the incidence of clotting requiring dialyzer and/or dialysis line replacement or treatment termination. Pre-and postdialysis blood urea nitrogen, predialysis Hgb, pre-and postdialysis serum total Ca and ionized calcium (iCa) were obtained weekly (midweek), and C-reactive protein was obtained once in each study period. Blood tubing and hemodialyzers were inspected for clotting at the beginning (30 min), middle (2 h), and end of each treatment, and patients were questioned for symptoms and/ or anticipated or unanticipated AEs. Anticipated AEs potentially related to study participation included significant clotting (thrombosis), perioral numbness, numbness or paresthesias, dysgeusia, carpopedal spasm, tremor, and hypocalcemia (post-HD iCa ! 0.90 mmol/l or 3.6 mg/dl). All other AEs were reported as unanticipated AEs.
Statistical Analysis
One hundred subjects were required to conclude noninferiority with a -8% margin and achieve a power of 90% at ␣ = 0.05 (expected mean -5%; SD 10). Descriptive statistics (n, mean, SD) were performed for continuous endpoints and the frequency and percent of total subjects were calculated for categorical endpoints. For noninferiority, 95% CI were calculated using a t distribution. For continuous endpoints and tests between each period with baseline, a paired t test was employed. p ! 0.05 was considered significant.
Results
Two hundred eighty-seven subjects consented to the study and 277 subjects had at least one study treatment. The population was 57.4% male, 41.7% white, 54.3% black, and 44.4% diabetic; and had a mean age of 59 8 14.4 years and dialysis vintage of 1,498 8 1,165 days. Dialysis access included 65.7% arteriovenous fistula, 19.9% arteriovenous graft, and 14.4% catheters; 27.8% of subjects were maintained on antiplatelet agents. Dialysis was performed using Fresenius Optiflux dialyzers (18.8% F160 NRE, 50.5% F180 NRE, 7.2% F200 NRE), Gambro Polyflux (18.4% 170H, 4.7% 210H), or Gambro Polyflux Revaclear (0.4%) dialyzers.
Mean KECN increased 0.9% in P1 (CD + 100% HN), 1.0% in P2 (CD + 80% HN) and 0.9% in P3 (CD + 67% HN) with 95% CI (0.1, 1.7), (0.1, 1.8), and (-0.2, 1.9), respectively ( table 1 ). The lower limit of the 95% CI for each period was greater than -8%. This demonstrated noninferiority despite a reduction in mean HN dose from 3,756 8 1,506 units/treatment (baseline) and 3,753 8 1,529 units/treatment in P1 to 3,000 8 1,227 units/treatment in P2 and 2,551 8 1,036 units/treatment in P3. The percentage of subjects with spKt/V by OLC ! 1.2 was similar in each period [B: 7.6% (95% CI 4.8, 11.4); P1: 7.5% (4.6, 11.4); P2: 7.6% (4.5, 11.9); P3: 6.7% (3.6, 11.1)] and over 92% of the subjects achieved a spKT/V 6 1.2 by OLC. There was no significant difference in dialyzer/dialysis line thrombosis or postdialysis time to hemostasis ( table 1 ) .
Hgb decreased modestly, serum albumin increased, and C-reactive protein was unchanged ( table 2 ) . Pre-and postdialysis total Ca and iCa were lower with CD than with standard dialysate, and both Ca and iCa decreased intradialytically (post-/pre-HD) with CD ( . These events were not associated with low post-HD serum iCa, which remained 6 3.9 mg/dl in all of the affected subjects. There was 1 patient death (from cardiac disease) which was unrelated 
Discussion
This study demonstrated the ability to reduce HN doses up to 33% while maintaining dialysis adequacy, and met all predefined study endpoints in a large prospective cohort of HD patients dialyzed with CD. Dialyzer clearance increased approximately 1% and superiority of clearance was demonstrated with CD + 100% HN (P1) C onversion factors for units: Hgb in g/dl to g/l !10; Ca (or iCa) in mg/dl to mmol/l !0.2495; albumin in g/dl to g/l !10. and CD + 80% HN (P2). Over 94% (211/224) of the subjects in P2 and over 92% (180/195) of the subjects in P3 (CD + 66.7% HN) demonstrated noninferiority of dialyzer clearance (margin greater than -8%) with no increase in dialyzer/dialysis line clotting or postdialysis time to hemostasis. These data confirm earlier reports of improved dialyzer clearance and heparin reduction with the use of CD [2, 5, [10] [11] [12] . Heparin use is associated with significant risks including the possibility of bleeding, HIT, and contamination [11] [12] [13] [14] . Thus, reducing heparin dose is clinically attractive and may offer significant benefits [14] . Ahmad et al. [2] demonstrated improved dialysis adequacy in a 12-week study with 25 patients with the use of CD containing 2.5 or 3.0 mEq/l calcium, resulting in the urea reduction ratio (68 8 5. CD has also been reported to have a positive impact on hemodynamics. Gabutti et al. [6] demonstrated significant reduction in systolic blood pressure (SBP) and peripheral resistance with the use of CD (2.4 mEq/l citrate, 0.3 mEq/l acetate) when compared to standard acetate containing bicarbonate dialysate (0 mEq/l citrate, 3.0 mEq/l acetate) in a randomized single blind crossover study of 25 patients. SBP decreased 4.3 mm Hg (p ! 0.01), peripheral resistance decreased 51 dyn ؒ s ؒ cm -5 , and stroke volume remained stable. Predialysis serum bicarbonate increased 0.9 mEq/l with CD (20.6 8 2.5 mEq/l standard dialysate; 21.5 8 2.8 mEq/l CD; p ! 0.01). These data suggest that CD is more biocompatible and physiologic than standard acetate containing bicarbonate dialysate, with positive effects on hemodynamics and acidbase balance in addition to improved dialysis efficacy [6] and heparin reduction.
There have been no safety issues reported with CD [2, 5, 6] . The major potential concern is the possibility of decreasing iCa. In this study, mean total Ca and iCa decreased modestly during dialysis (approximately 2.35 and 8.3%, respectively), mean postdialysis total Ca remained 1 8.5 mg/dl, and mean postdialysis iCa was 1 4.25 mg/dl. These values are within physiologic range and did not decrease to levels required for systemic anticoagulation or known to cause symptoms. There were eight reported instances (7 with CD) of asymptomatic post-HD hypocalcaemia, which is consistent with previous data [2, 5, 6] . There was no difference in reported AEs or study-related AEs with CD. There was, however, a higher incidence of reported carpopedal spasm during the use of CD. The reason for these reports remains unclear. These events were not associated with low post-HD iCa, which remained 6 3.9 mg/dl in all affected subjects and none of the subjects were treated with Ca administration. Rather, during each of the study treatments where subjects reported carpopedal spasm, they were either unable to achieve their written target weight, or had an aggressive ultrafiltration goal. This suggests that many of these reported symptoms may represent volume-mediated cramping rather than true hypocalcemic carpopedal spasm.
This study has several limitations. We cannot wholly eliminate the possibility that patients were over-heparinized at baseline due to the study's sequential design. This, however, appears unlikely. At baseline, patients received approximately 47 U HN/kg, which is consistent with the general guideline for bolus heparin administration (50 U/kg) and the current US standard of care. In addition, all patients had been switched to HN prior to the initiation of the study with adjustments in HN dose only in the event of clotting. This would have decreased subjects' effective heparin dose by approximately 10% prior to the baseline period. Lastly, 4.7% of patients clotted their dialyzer or dialysis lines during the baseline period. This would not be expected if the patients were over-heparinized at baseline.
The study also had a high drop-out rate. This was primarily due to the fact that patients who clotted a dialyzer or lines (9.0%, 25/277) were removed from the study to decrease the potential risk of blood loss in patients to be treated with reduced heparin. Additionally, a significant number of subjects were withdrawn due to nonstudy-related hospitalization (6.1%, 17/277). Lastly, 7.6% (21/277) of subjects withdrew their informed consent. The reasons for these withdrawals do not appear related to AEs and may reflect the increased time requirements due to the use of nonformulary dialysate.
Conclusion
CD was safe, effective and allowed significant heparin reduction while maintaining dialysis adequacy and achieved all predefined study endpoints. Dialyzer clearance increased approximately 1% with CD despite 20-33% HN reduction, and over 92% of the subjects in P3 demonstrated noninferiority of dialyzer clearance despite a 33% HN reduction. There was no significant difference in clotting of dialyzers/dialysis lines, no evidence of increased bleeding and no significant difference in AEs.
